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(Received 6 December 2005; published 19 May 2006)0031-9007=High resolution (temporal and spatial), two-dimensional images of electron temperature fluctuations
during sawtooth oscillations were employed to study the crash process and heat transfer in magnetically
confined toroidal plasmas. The combination of kink and local pressure driven instabilities leads to a small
poloidally localized puncture in the magnetic surface at both the low and the high field sides of the
poloidal plane. This observation closely resembles the ‘‘fingering event’’ of the ballooning mode model
with the high-m mode only predicted at the low field side.
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Topological changes of the magnetic field configuration
in plasmas, i.e., the magnetic reconnection process, have
been observed in laboratory plasmas [1], solar flares [2],
and interstellar space [3]. This Letter concerns the saw-
tooth oscillation [4], which is a repetitive benign disruptive
behavior in which a nested magnetic field ruptures and
stored plasma energy abruptly bursts out to the periphery.
Numerous physical models have been developed to explain
the changes in the magnetic topology, most of which have
focused on developing an understanding from the first
principles of the underlying magnetic reconnection pro-
cess. In particular, the recent observation of sawtoothing
radio frequency emissions from solar flares [5] suggests
that the physical mechanism underlying this behavior may
be universal in current carrying toroidal plasmas.
Consequently, understanding of the sawtooth oscillation
of current driven toroidal plasmas will be highly beneficial
for solar and interstellar physics as well as for optimizing
the control of magnetic fusion devices.
The sawtooth oscillation, known as the repetitive growth
and decay of the core plasma pressure (and/or core current)
through a magnetic reconnection process, in toroidal high
temperature plasmas was discovered in 1974 [4]. An ex-
cellent review is available in Ref. [6]. Among the promi-
nent models, the full reconnection model [7] suggests a
complete exhaust of plasma pressure and current density
through the reconnection process along the entire toroidal
direction initiated by the pressure driven instability of the
m=n  1=1 mode, where the plasma pressure (p P
ji;enjTj) consists of particles (electrons and ions) at
their corresponding temperatures and m and n are poloidal
and toroidal mode numbers, respectively. The character-
istic time scale is referred to as the reconnection time
(c  12

A  
q
), where A is the modified Alfve´n transit
time and  is the resistive diffusion time and the typical06=96(19)=195003(4) 19500value of c is 700 s for the plasma parameters used in
the experiment reported herein. Another model is the
‘‘quasi-interchange’’ model [8], where the cooler plasma
convectively flows into the plasma core and the hot spot
evolves into a crescent shape due to a strong distortion of
the magnetic surface of the m=n  1=1 mode that results
from the lack of magnetic shear in the core of the plasma.
Reconstruction of the contours of constant soft x-ray emis-
sion on the Joint European Tokamak confirmed this model
[9,10]. However, experimental verification of such a dis-
tinctively different evolution of the hot spot or island
between the full reconnection model and the quasi-
interchange model has been challenged by more sophisti-
cated multiview x-ray tomography [11,12] and concluded
that a unique solution of the inversion process based rela-
tively small number of chords and views is not feasible. In
addition, in current density profile measurements [13,14],
only slight changes of current density were observed, while
the reconnection time was much faster than expected on
theoretical grounds. This discrepancy stimulated further
modeling of the reconnection process. Observation of a
localized electron temperature bulge [15,16] during the
sawtooth crash motivated researchers to introduce a model
based on a finite pressure effect on the m=n  1=1 mode
[17] at the ‘‘bad curvature’’ side of the magnetic surface
(low field side) and a pressure driven ballooning instability
[18,19] combined with global stochasticity [17–19] of the
field lines to explain the observed small change of the core
current density in finite beta plasmas, where beta is the
ratio between the plasma pressure (p) and the magnetic
energy (B2=20). In moderate beta plasmas, such as those
corresponding to the experimental results discussed here,
the level of the ballooning instability and global stochas-
ticity of magnetic field lines strongly coupled to the pres-
sure surfaces is expected to be moderate compared to those
in high beta plasmas.3-1 © 2006 The American Physical Society
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In order to reconcile the discrepancies between experi-
ments and theoretical models and to improve the present
theoretical understanding of the fundamentals of the re-
connection process, one requires a direct multidimensional
measurement of local plasma parameters, such as the local
electron temperature and/or magnetic field in the core of
the plasmas. Fortunately, such information has recently
become available through the use of a two-dimensional
(2D) electron cyclotron emission imaging (ECEI) system
[20,21] developed for the toroidal experiment for technol-
ogy oriented research (TEXTOR) tokamak plasma. A ver-
tically distributed array of antennas which images the
plasma layer with an optical system similar to that of a
camera with zoom lens is placed behind the imaging
plane as shown in Fig. 3 in Ref. [21]; thus, radial reso-
lution is maintained from the ECE frequency discrimina-
tion while vertical resolution is provided by the imaging
optics. The sampling area of the image in TEXTOR at the
focal plane is 16 cm vertical 	 8 cm radial as shown in
Fig. 1; the vertical resolution is determined by the optical
element and is 2 cm for each pixel, and the radial reso-
lution is 1 cm across the core of the tokamak plasma
(total 16	 8  128 channels). The time resolution is lim-
ited primarily by the digitizer ,and the fastest time scale can
be up to 5 s. In the course of this experiment, many
different sampling views were scanned in order to verify
the extend of crash phenomena from the low-field-side
mixing zone (up to q 2 layer) to the high-field-side qFIG. 1 (color). Scanned sampling views are shown with re-
spect to the TEXTOR plasma during the course of this experi-
ment; the range of the sampling view is from the q 2 layer at
the low field side to the q 1 layer at the high field side. Based
on time-averaged images from similar crash phases, composite
images are constructed as shown in this figure; (1) heat is inside
the inversion radius before the crash; (2) a hint of the heat is
shown (greenish color) at the outside of the inversion radius,
while the growth of the island (blackish blue color) is evident in
the intermediate stage of the crash; (3) heat is accumulated
outside the inversion radius after the crash.
195001 layer as illustrated in this figure. The estimated inversion
radius (white lines) is determined solely from the tempera-
ture fluctuation data, using the property that the relative
variation of the temperature fluctuation is minimum near
the inversion radius. Also, equilibrium analysis of the
plasmas with similar plasma parameters indicates that q
1 is close to the inversion radius determined by this crite-
rion. The fluctuation quantities are relatively calibrated to
the averaged value obtained with a long integration time,
and the intensity of the images is represented by Te=hTei,
where Te is the electron temperature, h i is the time average,
Te is the fluctuation level (Te-hTei), and hTei is constant
for the duration of many sawtooth oscillations. As demon-
strated in a previous study of sawtooth physics by 1D ECE
[15], the plotting of only the fluctuating temperatures (and
subtracting the nonchanging, time-averaged temperature)
simplifies the evaluation of the heat flow during the crash.
The TEXTOR tokamak plasma has a circular shape with a
major radius of 175 cm and minor radius of 46 cm. The
range of toroidal magnetic field in the present work was
1.9–2.4 T, and the corresponding plasma current was
<305 kA. The H
 plasma is heated with energetic neutral
beams (D0, 50 keV, up to 3 MW) in order to maximize
the temperature fluctuation of the sawtooth oscillation as
well as to control plasma rotation (by varying the ratio of
co- to counterinjection with respect to the direction of
plasma current). The key plasma parameters were as fol-
lows: The central electron density and temperature range
from 1.5 to 2:5	 1019 m3 and from 1.2 to 1.6 keV,
respectively. The corresponding peak toroidal beta is
1:0%, and the average poloidal beta is between 0.3 and
0.5. The toroidal rotation of the plasma varied from 1	
104 to 8	 104 m=s. The speed of a thermal electron is
6	 107 m=s. The Alfve´n and ion acoustic speeds are
5	 105 and 7	 105 m=s, respectively.
There are many sawtooth oscillations in a single dis-
charge (one sawtooth period is 15 ms, whereas the entire
discharge duration is 5 s): Each particular crash event
may or may not occur within the field of view of the ECEI
instrument, due to the random toroidal or poloidal phase of
the localized crash region along the helical field structure.
A representative sequence of 2D images illustrating the full
view of the crash process observed at the low field side is
shown in Fig. 2. This evaluation has nothing to do with the
reproducibility of the crash process but, rather, concerns
the fact that the phase of each crash event at the view
position is dictated primarily by the timing of the local
nature of the crash process and the toroidal rotation of the
entire plasma. The hot spot, partially shown in whitish
green color (frame 1), corresponds to a peaked electron
temperature profile within the inversion radius (indicated
as a black line). The temperature perturbation in frame 1 is
still rather symmetric, but in later frames a clear distortion
of the hot spot at the low field side becomes apparent. The
growth of a sharp temperature point shown in frames 3 and
4, which even crosses the inversion radius, is reminiscent
of the theoretical reconnection process based on the ‘‘pres-3-2
0                 80               160             240              320            400
shot 94569_103
-6
-4
-2
6
4
2
0
1                           2                            3                            4                     
5                           6                           7                             8
1                          2               
    34      5 6  7                8
FIG. 2 (color). 2D images of the sawtooth crash at the low field
side correspond to the times indicated in the electron tempera-
ture time trace at z  0 cm, R  191 cm. As the hot spot swells
as shown in frames 3 and 4, a sharp temperature point is growing
and crosses beyond the inversion radius. Eventually, the tem-
perature point leads to the reconnection. Initially, it forms an
‘‘X point’’ in the poloidal plane (frame 5), and heat starts to flow
to the outside through a small opening. The initial heat flow is
highly collective, and the opening is increasing up to 15 cm.
At the end, the heat is accumulated outside the inversion radius,
and the poloidal symmetry is recovered.
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From the images in Fig. 2, it appears that the heat punches
through the ‘‘pinhole,’’ and the crash zone grows as the
heat transport is increased. The size of the crash zone
increases to 15 cm, and the heat transported outside the
inversion radius is distributed along the poloidal and to-
roidal planes in a coherent manner. Since the time scale
with the electron thermal velocity is on the order of nano-
seconds and the progression of the images spans tens of
microseconds, it is reasonable to assume that the transient
heat flow follows the local magnetic field lines. It appears
that the initial flow of heat is highly collective along the
field lines. The spatial broadening of the heat outside the
inversion radius shown in frames 6 and 7 can account for
the toroidal spread of the heat, since the time it takes for
electrons to complete one transit of the torus is on the order
of a microsecond. At the end of the crash phase, the
removed heat from the core is symmetrically accumulated19500in the mixing zone, and the temperature perturbation re-
covers symmetry as shown in frame 8. It should be noted
here that, although it is the absolute temperature that is
related to the magnetic field topology, the temperature
fluctuation contour plots and the associated heat flow are
also a good indication of an opening in the magnetic
surfaces.
In a second experimental campaign, the sample volume
of the imaging system was moved to the ‘‘good curvature’’
side of the magnetic surface (high field side) in order to
explore crash phenomena there. Theoretical models and
experimental observations thus far suggest that the pres-
sure driven ballooning mode instability is likely to grow in
the regions of unfavorable curvature (low field side of the
inversion radius) to release energy during the crash phase.
Again, several tens of images of the sawtooth oscillations
were scrutinized due to the local nature of the crash process
and plasma rotation. It was found that the crash can occur
at the high field side with the entire process quite similar to
that at the low field side. The progressive detailed images
of the crash process at the high field side are illustrated in
Fig. 3. In the early stages, the hot spot is symmetric as
shown in frame 1. In frame 4, a distortion of the hot spot is
visible, and a sharp temperature point is formed but does
not lead to a crash. As the pointed temperature surface is
retreating, moderate swelling of the temperature (which is
indicative of a growing kink instability or finite pressure
effect on the m=n  1=1 mode) is shown in frame 5. In
frame 7, a larger sharp temperature point with a strong
swelling of the hot spot (strong kink) pushes the sharp
temperature point beyond the inversion radius, and heat
starts flowing out in a collective fashion once the surface is
opened. The first, but not complete, onset of a crash
(frame 4), where a sharp temperature point is formed but
does not lead to a crash, could be attributed to a lack of
global pressure (energy from the kink or pressure bulge).
However, the second attempt (frame 7) succeeds in open-
ing the magnetic field, and the dimension of the opening
starts with a small hole and grows up to 10 cm, which is
similar to the behavior in the low field side. As the heat is
flowing out, the nested field lines from the core (cold spot)
push the remaining heat from the rear as illustrated in
frames 8–11. The time evolution of the hot spot and island
formation resembles a flattening process of the pressure
profile as proposed by the full reconnection model [7]. As
the heat is removed from the core, a closed field line
topology is established again, and the poloidal symmetry
is recovered as shown in frame 12. The observed sharp
temperature point again resembles the ballooning mode but
should be inhibited at the high field side. The entire se-
quence of the heat flow pattern is quite consistent with that
of the low field case.
Advances in 2D visualization diagnostic techniques pro-
vided new insights of the physics of the sawtooth oscilla-
tion in the presence of strong guiding field. Improved
theoretical modeling influenced by these findings will
enhance the fundamental understanding of the magnetic3-3
FIG. 3 (color). 2D images from the sawtooth crash at the high field side are shown with the time history of the electron temperature
fluctuation at z  0, R  148 cm. The reconnection process is quite similar to that at the low field side. A sharp temperature point
develops with the moderate swelling of the hot core (frame 4) but fails to lead to reconnection in the first attempt. In the second at-
tempt, the sharp temperature point accompanied with the strong swelling of the hot spot (kink instability) (frames 6 and 7) succeeds in
crossing the inversion radius through a small opening ( a few cm). The opening increases up to 10 cm, and the heat flow is highly
collective. The nested magnetic surfaces from the core push the heat flow out (frame 11), and, eventually, the symmetry is recovered
(frame 12).
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trol of future generations of magnetic confinement devices
and may provide as well a better understanding of sawtooth
phenomena in solar flares in which the guiding magnetic
field is weak.
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